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I n accordance with the pledge I gave the Royal Society some years ago, I have now the honour to present it with the results of the experiments I have made in order to determine the mechanical equivalent of heat with exactness. I will commence with a slight sketch of the progress of the mechanical doctrine, endeavouring to confine myself, for the sake of conciseness, to the notice of such researches as are imme diately connected with the subject. I shall not therefore be able to review the valu able labours of Mr. F orbes and other illustrious men, whose researches on radiant heat and other subjects do not come exactly within the scope of the present memoir.
For a long time it had been a favourite hypothesis that heat consists of " a force or power belonging to bodies*," but it was reserved for Count R umford to make the first experiments decidedly in favour of that view. That justly celebrated natural philoso pher demonstrated by his ingenious experiments that the very great quantity of heat excited by the boring of cannon could not be ascribed to a change taking place in the calorific capacity of the metal; and he therefore concluded that the motion of the borer was communicated to the particles of metal, thus producing the phenomena of heat:-" It appears to me," he remarks, " extremely difficult, if not quite impossible, to form any distinct idea of anything, capable of being excited and communicated, in the manner the heat was excited and communicated in these experiments, except it be motion-f~."
One of the most important parts of Count R umford's paper, though one to which enabled him to advance the idea that the so-called imponderable bodies are merely the exponents of different forms of Force. Mr. G r o v e and M. M a y e r have also given their powerful advocacy to similar views. My own experiments in reference to the subject were commenced in 1840, in which year I communicated to the Royal Society my discovery of the law of the heat evolved by voltaic electricity, a law from which the immediate deductions were drawn,-1st, that the heat evolved by any voltaic pair is proportional, coeteris , to its inten sity or electromotive force*; and 2nd, that the heat evolved by the combustion of a body is proportional to the intensity of its affinity for oxygenf\ I thus succeeded in establishing relations between heat and chemical affinity. In 1843 I showed that the heat evolved by magneto-electricity is proportional to the force absorbed; and that the force of the electro-magnetic engine is derived from the force of chemical affinity in the battery, a force which otherwise would be evolved in the form of heat: from these facts I considered myself justified in announcing " that the quantity of heat capable of increasing the temperature of a lb. of water by one degree of F a h r e n h e i t 's scale, is equal to, and may be converted into, a mechanical force capable of raising 838 lbs. to the perpendicular height of one foot J."
In a subsequent paper, read before the Royal Society in 1844, I endeavoured to show that the heat absorbed and evolved by the rarefaction and condensation of air is proportional to the force evolved and absorbed in those operations §. The quan titative relation between force and heat deduced from these experiments, is almost identical with that derived from the electro-magnetic experiments just referred to, and is confirmed by the experiments of M . S e g u in on the dilatation of steam ||.
From the explanation given by Count R u m f o r d of the heat arising from the fric tion of solids, one might have anticipated, as a matter of course, that the evolution of heat would also be detected in the friction of liquid and gaseous bodies. More over there were many facts, such as, for instance, the warmth of the sea after a few days of stormy weather, which had long been commonly attributed to fluid friction. Nevertheless the scientific world, preoccupied with the hypothesis that heat is a sub stance, and following the deductions drawn by P i c t e t from experiments not suffi ciently delicate, have almost unanimously denied the possibility of generating heat in that way. The first mention, so far as I am aware, of experiments in which the evo lution of heat from fluid friction is asserted, was in 1842 by M . M a y e r^[, who states that he has raised the temperature of water from 12° C. to 13° C., by agitating it, without however indicating the quantity of force employed, or the precautions taken to secure a correct result. In 1843 I announced the fact that " heat is evolved by the passage of water through narrow tubes**," and that each degree of heat per lb. of water required for its evolution in this way a mechanical force represented by 770 foot-pounds. Subsequently, in 1845* and 1847'j~, I employed a paddle-wheel to produce the fluid friction, and obtained the equivalents 781*5, 782*1 and 787*6, re spectively, from the agitation of water, sperm-oil and mercury. Results so closely coinciding with one another, and with those preyiously derived from experiments with elastic fluids and the electro-magnetic machine, left no doubt on my mind as to the existence of an equivalent relation between force and heat; but still it appeared of the highest importance to obtain that relation with still greater accuracy. This I have attempted in the present paper.
Description o f Apparatus.-The thermometers employed had their tubes calibrated and graduated according to the method first indicated by M. R e g n a u l t . T w o of them, which I shall designate by A and B, were constructed by Mr. D a n c e r of Manchester; the third, designated by C, was made by M. F a s t r e of Paris. The graduation of these instruments was so correct, that when compared together their indications co incided to about xioth °f a degree F a h r . I also possessed another exact instrument made by Mr. D a n c e r , the scale of which embraced both the freezing and boilingpoints. The latter point in this standard thermometer was obtained, in the usual manner, by immersing the bulb and stem in the steam arising from a considerable quantity of pure water in rapid ebullition. During the trial the barometer stood at 29*94 inches, and the temperature of the air was 50°; so that the observed point re quired very little correction to reduce it to 0 7 6 0 metre and 0° C., the pressure used in France, and I believe the Continent generally, for determining the boiling-point, and which has been employed by me on account of the number of accurate thermometrical researches which have been constructed on that basis^. The values of the scales of thermometers A and B were ascertained by plunging them along with the standard in large volumes of water kept constantly at various temperatures. The value of the scale of thermometer C was determined by comparison with A. , It was thus found that the number of divisions corresponding to 1° F a h r . in the thermo meters A, B and C, were 12*951, 9*829 and 11*647, respectively. And since constant practice had enabled me to read off* with the naked eye to x*oth of a division, it fol lowed that xw th °f a degree F a h r . was an appreciable temperature.
Plate VII. fig. 1 b, b, &c., affixed to a framework also in sheet brass. The brass axis of the paddlewheel worked freely, but without shaking-, on its bearings at c, c, and at d was divided into two parts by a piece of boxwood intervening, so as to prevent the conduction of heat in that direction. Fig. 3 represents the copper vessel into which the revolving apparatus was firmly fitted: it had a copper lid, the flange of which, furnished with a very thin washer of leather saturated with white-lead, could be screwed perfectly water-tight to the flange of the copper vessel. In the lid there were two necks, a, b, the former for the axis to revolve in without touching, the latter for the insertion of the thermometer.
Besides the above I had a similar apparatus for experiments on the friction of mer cury, which is represented by figs. 4, 5 and 6 . It differed from the apparatus already described in its size; number of vanes, of which six were rotary and eight sets sta tionary ; and material, which was wrought iron in the paddle-wheel, and cast iron in the vessel and lid.
Being anxious to extend my experiments to the friction of solids, I also procured the apparatus represented by fig. 7> in which is the axis revolving along with the beveled cast-iron wheel b, the rim of which was turned true. By means o c, which had a ring in its centre for the axis to pass through, and two short arms , the bevel turned cast-iron wheel e could be pressed against the revolving wheel; the degree of force applied being regulated by hand by means of the wooden lever f attached to the perpendicular iron rod g. Fig. 8 repre cast-iron vessel. Fig. 9 is a perspective view of the machinery employed to set the frictional appa ratus just described in motion, a a are wooden pulleys, 1 foot in diameter and 2 inches thick, having wooden rollers bb,bb,2 inches in diameter, and steel axles , cc, one quarter of an inch in diameter. The pulleys were turned perfectly true and equal to one another. Their axles were supported by brass friction wheels , dddd, the steel axles of which worked in holes drilled into brass plates attached to a very strong wooden framework firmly fixed into the walls of the apartment*.
The leaden weights c, e, which in some of the ensuing experiments weighed about 29 lbs., and in others about 10 lbs. a piece, were suspended by string from the rollers bb, b b \ and fine twine attached to the pulleys a a, connected them with the central roller/j which, by means of a pin, could with facility be attached to, or removed from, the axis of the frictional apparatus. The wooden stool g, upon which the frictional apparatus stood, was perforat a number of transverse slits, so cut out that only a very few points of wood came in contact with the metal, whilst the air had free access to almost every part of it. In this way the conduction of heat to the substance of the stool was avoided.
A large wooden screen (not represented in the figure) completely obviated the effects of radiant heat from the person of the experimenter.
The method of experimenting was simply as follows :-The temperature of the fric tional apparatus having been ascertained and the weights wound up with the assist ance of the stand h, the roller was refixed to the axis. The precise height of the weights above the ground having then been determined by means of the graduated slips of wrood Ji,k , the roller was set at liberty and allowed to revolve weights reached the flagged floor of the laboratory, after accomplishing a fall of about 63 inches. The roller was then removed to the stand, the weights wound up again, and the friction renewed. After this had been repeated twenty times, the ex periment was concluded with another observation of the temperature of the appa ratus. The mean temperature of the laboratory was determined by observations made at the commencement, middle and termination of each experiment.
Previously to, or immediately after each of the experiments, I made trial of the effect of radiation and conduction of heat to or from the atmosphere, in depressing or raising the temperature of the frictional apparatus. In these trials, the position of the apparatus, the quantity of water contained by it, the time occupied, the method of observing the thermometers, the position of the experimenter, in short everything, with the exception of the apparatus being at rest, wras the same as in the experiments in which the effect of friction was observed.
Is/ Series of Experiments. From the various experiments in the above Table in which the effect of radiation was observed, it may be readily gathered that the effect of the temperature of the sur rounding air upon the apparatus was, for each degree of difference between the mean temperature of the air and that of the apparatus, 0o,04654. Therefore, since the ex cess of the temperature of the atmosphere over that of the apparatus was 0°*32*295 in the mean of the radiation experiments, but only 0°*305075 in the mean of the friction experiments, it follows that 0°*000832 must be added to the difference between 0°*57525 and 0°*012975, and the result, 0°*563107, will be the proximate heating effect of the friction. But to this quantity a small correction must be applied on account of the mean of the temperatures of the apparatus at the commencement and termination of each friction experiment having been taken for the true mean temperature, which was not strictly the case, owing to the somewhat less rapid increase of temperature towards the termination of the experiment when the water had become warmer. The mean temperature of the apparatus in the friction experiments ought therefore to be estimated 0°*002184 higher, which will diminish the heating effect of the atmo sphere by 0°*000102. This, added to 0°*563107, gives 0°*563209 as the true mean increase of temperature due to the friction of water*.
In order to ascertain the absolute quantity of heat evolved, it was necessary to find the capacity for heat of the copper vessel and brass paddle-wheel. That of the former was easily deduced from the specific heat of copper according to M. * This increase of temperature was, it is necessary to observe, a mixed quantity, depending partly upon the friction of the water, and partly upon the friction of the vertical axis of the apparatus upon its pivot and bear ing, CO, fig. 1 . The latter source of heat was however only equal to about -g-^th of the former. Similarly also, in the experiments on the friction of solids hereafter detailed, the cast-iron discs revolving in mercury, rendered it impossible to avoid a very small degree of friction among the particles of that fluid. But since it was found that the quantity of heat evolved was the same, for the same quantity of force expended, in both cases, e. whe ther a minute quantity of heat arising from friction of solids was mixed with the heat arising from the friction of a fluid, or whether, on the other hand, a minute quantity of heat arising from the friction of a fluid was mingled with the heat developed by the friction of solids, I thought there could be no impropriety in con sidering the heat as if developed from a simple source,-in the one case entirely from the friction of a fluid, and in the other entirely from the friction of a solid body.
t The washer, weighing only 38 grs., was reckoned as copper in this estimate. J Ann. de Ch. 1841, t. i.
The capacity of a brass stopper which was placed in the neck b, fig. 3 , for the pur pose of preventing the contact of air with the water as much as possible, was equal to that of 10*3 grs. of water : the capacity of the thermometer had not to be esti mated, because it was always brought to the expected temperature before immersion. The estimate of the force applied in generating this heat may be made as follows: -The weights amounted to 406152 grs., from which must be subtracted the friction arising from the pulleys and the rigidity of the string; which was found by con necting the two pulleys with twine passing round a roller of equal diameter to that employed in the experiments. Under these circumstances, the weight required to be added to one of the leaden weights in order to maintain them in equable motion was found to be 2955 grs. The same result, in the opposite direction, was obtained by adding 3055 grs. to the other leaden weight. Deducting 168 grs., the friction of the roller on its pivots, from 3005, the mean of the above numbers, we have 2837 grs. as the amount of friction in the experiments, which, subtracted from the leaden weights, leaves 403315 grs. as the actual pressure applied.
The velocity tvith which the leaden weights came to the ground, viz. 2*42 inches per second, is equivalent to an altitude of 0*0076 inch. This, multiplied by 20, the number of times the weights were wound up in each experiment, produces 0*152 inch, which, subtracted from 1260*248, leaves 1260*096 as the corrected mean height from which the weights fell. This fall, accompanied by the above-mentioned pressure, represents a force equiva lent to 6050*186lbs. through one foot; and 0*8464x20=16*928 foot-lbs. added to it, for the force developed by the elasticity of the string after the weights had touched the ground, gives 6067' 114 foot-pounds as the mean corrected force.
Hence ^^4229^= 773*64 foot-pounds, will be the force which, according to the above experiments on the friction of water, is equivalent to 1°F ahr. in a lb. of water. From the above Table, it appears that the effect of each degree of difference between the temperature of the laboratory and that of the apparatus was 0°*13742. Hence 2°*4l395 + 0o*0657+ 0o*007654=2°*487304, will be the proximate value of the increase of temperature in the experiments. The further correction on account of the mean temperature of the apparatus in the friction experiments having been in reality 0°*028484 higher than is indicated by the table, will be 0°*003914, which, added to the proximate result, gives 2°*491218 as the true thermometrical effect of the friction of the mercury.
In order to obtain the absolute quantity of heat evolved, it was requisite to ascer tain the capacity for heat of the apparatus. I therefore caused it to be suspended by iron wire from a lever so contrived that the apparatus could be moved with rapidity and ease to any required position. The temperature of the apparatus having then been raised about 20°, it was placed in a warm air-bath, in order to keep its tempe rature uniform for a quarter of an hour, during which time the thermometer C, im mersed in the mercury, was from time to time observed. The apparatus was then rapidly immersed into a thin copper vessel containing 141826 grs. of distilled water, the temperature of which was repeatedly observed by thermometer A. During the experiment the water was repeatedly agitated by a copper stirrer; and every precau tion was taken to keep the surrounding atmosphere in a uniform state, and also to prevent the disturbing effects of radiation from the person of the experimenter. In this way I obtained the following results:-* Apparatus in air-bath By applying the correction to the temperature of the water due to its observed in crease during the first ten minutes of the experiment, and the still smaller correction due to the rise of the water in the can covering 60 square inches of copper at the tem perature of the atmosphere, 47°*714 was found to be the temperature of the water at the instant of immersion. To remove the apparatus from the warm air-bath, and to immerse it into the water, occupied only lO", during which it must (according to preliminary experiments) have cooled 0°*027* The heating effect of the air-bath during the remaining 50" (estimated from the rate of increase of temperature between the observations at 5' and 10') will be 0°*004. These corrections, applied to 70°*518, leave 70°'495 as the temperature of the apparatus at the moment of immersion.
Instant of immersion.

Apparatus immersed in water <
The temperature of the apparatus at 26' was 50°*778, indicating a loss of 19°*717. That of the water at the same time of observation, being corrected for the effect of the atmosphere (deduced from the observations of the cooling from 26' to 36' and of the heating from O' to 10'), will be 50°'777» indicating a gain of 3°*063. Twenty such results, obtained in exactly the same manner, are collected in the following Table. I did not consider these experiments on the capacity of the apparatus sufficiently complete, until I had ascertained the heat produced by the wetting of the surface of the iron vessel. For this purpose the following trials were made in a similar manner to the above, with the exception that the observations did not require to be extended beyond 26'.
MDCCCL. L T able IV.
No. The leaden weights amounted to 406099 grs., from which 2857 grs., subtracted for the friction of the pulleys, leaves 403242 grs. The mean height from which they fell, as given in Table II., was The effect of each degree of difference between the temperature of the laboratory and that of the apparatus being' 0°*18644, 0°*9157-0°*0606+0o,000488=0o,855588, will be the proximate mean increase of temperature in the above series of experi ments. The correction, owing to the mean temperature of the mercury in the friction experiments being 0°*013222 higher than appears in the table, will be 0°*002452, which, being added to the proximate result, gives 0°*85804 as the true thermometrical effect. This, in the capacity of 22071'68 grs. of water, is equal to 1° in 270548 lbs. of water.
The leaden weights amounted to 137326 grs., from which 1040 grs. must be sub tracted for the friction of the pulleys, leaving 136286 grs. as the corrected weight. The mean height of fall was 1293*532 inches, from which 0*047 inch, subtracted on account of the velocity with which the weights came to the ground, leaves 1293*485 inches. This fall, combined with the above corrected weight, is equivalent to 2098*618 foot-lbs., which, with 1*654 foot-lb., the force developed by the elasticity of the string, gives 2100*272 foot lbs. as the mean force employed in the experiments. From the above Table, it appears that there was a thermometrical effect of 0°*20101 for each degree of difference between the temperature of the laboratory and that of the apparatus. Hence 4o-303+0o*2096+0o*03992=4°*55252, will be the proximate mean increase of temperature. The correction, owing to the mean temperature of the mercury in the friction experiments appearing 0°*07625 too low in the table, will be 0°*0I533, which, added to the proximate result, gives 4°*56785 as the true mean increase of temperature.
The capacity of the apparatus was obtained by experiments made in precisely the same manner that I have already described in the case of the mercurial apparatus for fluid friction. Their results are collected into the following By adding 0o,00 0 /l and 0°*0141, the loss and gain of Hence 21-43685 x 157428=11816*47, will be the capacity of the apparatus as tried.
By applying the two corrections, one additive on account of the absence during the trials of 300 grs. of mercury, the other subtractive on account of the capacity of the thermometer C and suspending wire, we obtain 11796*07grs. of water as the capacity of the apparatus during the experiments. The temperature 4°*56785 in the above capacity, equivalent to 1° in 7*69753 lbs. of water, was therefore the mean absolute quantity of heat evolved by the friction of cast iron.
The leaden weights amounted to 406099 grs., from which 2857 grs., subtracted on account of the friction of the pulleys, leaves 403242 grs. as the pressure applied to the apparatus.
Owing to the friction being in the simple ratio of the velocity, it required a good deal of practice to hold the regulating lever so as to cause the weights to descend to the ground with anything like a uniform and moderate velocity. Hence, although the mean velocity was 3*12 inches per second, the force with which the weights struck the ground could not be correctly estimated by that velocity as in the case of fluid friction. However, it was found that the noise produced by the impact was on the average equal to that produced by letting the weights fall from the height of one-eighth of an inch. It generally happened also that in endeavouring to regulate the motion, the weights would stop suddenly before arriving at the ground. This would generally happen once, sometimes twice, during the descent of the weights, and I estimate the force thereby lost as equal to that lost by impact with the ground. Taking therefore the total loss at one-fourth of an inch in each fall, we have twenty times that quantity, or 5 inches, as the entire loss, which, subtracted from 1260*027, leave 1255*027 inches as the corrected height through which the weight of 403242 grs. operated. These numbers are equivalent to 6024*757 foot-lbs., and adding 16*464 foot-lbs. for the effect of the elasticity of the string, we have 6041*221 foot-lbs. as the force employed in the experiments.
The above force was not however entirely employed in generating heat in the apparatus. It will be readily conceived that the friction of a solid body like cast iron must have produced a considerable vibration of the framework upon which the apparatus was placed, as well as a loud sound. The value of the force absorbed by the former was estimated by experiment at 10*266 foot-lbs. The force required to vibrate the string of a violoncello, so as to produce a sound which could be heard at the same distance as that arising from the friction, wT as estimated by me, with the concurrence of another observer, at 50 foot-lbs. These numbers, subtracted from the previous result, leave 5980*955 foot-lbs. as the force actually converted into heat. 5980*955 7*69753 =776*997, will therefore be the equivalent derived from the above experi ments on the friction of cast iron. The next series of experiments was made with the same apparatus, using lighter weights.
bth Series of E x p e r i m e n t s .-Friction of Cast Iron. Weight of leaden weights, 68442 grs. and 68884 grs. Average velocity of fall, 1*9 inch per second. Time occupied by each experiment, 30 minutes. Thermometer for ascertaining the temperature of the mercury, C'. Thermometer for registering the temperature of the laboratory, A.
T able VIII. total force applied. The corrections for vibration and sound (deduced from the data obtained in the last series, on the hypothesis that they were proportional to the fric tion by which they were produced) will be 3*47 and 16*9 foot-lbs. These quantities, subtracted from the previous result, leave 2057*336 foot-lbs. as the quantity of force converted into heat in the apparatus. 
774-880 773*930
It is highly probable that the equivalent from cast iron was somewhat increased by the abrasion of particles of the metal during friction, which could not occur without the absorption of a certain quantity of force in overcoming the attraction of cohesion. But since the quantity abraded was not considerable enough to be weighed after the experiments were completed, the error from this source cannot be of much moment. I consider that 772*692, the equivalent derived from the friction of water, is the most correct, both on account of the number of experiments tried, and the great capacity of the apparatus for heat. And since, even in the friction of fluids, it was impossible entirely to avoid vibration and the production of a slight sound, it is probable that the above number is slightly in excess. I will therefore conclude by considering it as demonstrated by the experiments contained in this paper,-1st.
That the quantity o f heat produced by the friction of whether solid or liquid, is always proportional to the quantity o f force expended. And, 2nd. That the quantity of heat capable of increasing the temperature o f a pound of water ( weighed i n vacuo, and taken at between 55° and 60°) 1° Fahr., requires f o r its evolution the expenditure of a mechanical force represented by the f a ll of 772 lbs. through the space o f one foot.
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